1. Introduction {#sec0001}
===============

Chemokines are a family of low molecular weight (8--11 kDa) secreted proteins which function as leukocyte-specific chemoattractants. With more than 50 members, vertebrate G protein-coupled chemokine receptor (GPCR) family is subdivided into four sub-families, of which CXC chemokine receptors, named CXCR1 through CXCR7, is one of the largest chemokine families involved in various physiological and pathological conditions [@bib0001]. CXC chemokine receptors can be grossly classified based on their function as inflammatory, homeostatic and dual-role subtypes. Detailed structural and functional difference of the CXC chemokine receptors are described elsewhere [@bib0002], [@bib0003], [@bib0004], [@bib0005].

CXCR4 (C-X-C motif chemokine receptor 4) is a widely studied chemokine receptor due to its significant role in immune response, hematopoiesis, developmental processes as well as in pro-tumorigenic functions. CXCR4 expression is ubiquitous in different hematopoietic cells [@bib0006]. CXCR4 is also expressed in different non-hematopoietic cells [@bib0004], [@bib0007], [@bib0008], [@bib0009]. CXCR4 can bind to CXCL12, CD4 and CD74, among which CXCL12 or stromal cell-derived factor 1α (SDF-1α), acts as an exclusive endogenous ligand for CXCR4. Apart from CXCR4, CXCL12 can also bind to its second receptor CXCR7 [@bib0006], [@bib0007]. Contrary CXCR4, CXCL12 is not expressed in hematopoietic cells but rather it is expressed and secreted in different non-hematopoietic tissue sites, most prominently in brain, lung, liver, stromal, endothelial cells and BM where it chemo attracts CXCR4-expressing hematopoietic stem cells (HSCs), thus playing a critical role in the homing of these cells in the BM microenvironment. The expression of CXCL12 in BM ensures the retention of the hematopoietic stem cells until they are needed elsewhere in the body. Therefore, inhibiting CXCL12-CXCR4 interaction can liberate HSCs from the BM niche into circulation [@bib0003], [@bib0006], [@bib0009], [@bib0010].

CXCR4-CXCL12 interaction activates a variety of extra and intracellular signalling pathways, thus contributing to different vital biological processes. Upon agonist stimulation, CXCR4 is rapidly phosphorylated on serine and threonine residues in its C-terminal [@bib0011]. This is then followed by the activation of some major signalling processes such as phospholipase C (PLC)/ Protein kinase C (PKC)-dependent increase in intracellular calcium level [@bib0012]; NF-κB, Ca^2+^-sensitive protein tyrosine kinase PYK2 and phosphoinositide-3 kinase (PI3K)-Akt pathways [@bib0013]; MAPK1/MAPK3 (Mitogen Activated Protein Kinases), JNK (Jun N-terminal Kinases) and PI3K (Phosphoinositide-3 Kinase) activation-dependent processes [@bib0014]; Janus kinase signal transducer and activator of transcription (JAK/STAT) pathway [@bib0015], [@bib0016]; extracellular signal-regulated kinases 1 and 2 (ERK1/2), and Ras/Raf pathways [@bib0017]. Other CXCR4 regulatory pathways include Wnt/β-catenin, Sonic hedgehog (SHH)-GLI-NANOG and Notch \[[@bib0012], [@bib0018], [@bib0019], [@bib0020]. These pathways are all involved in cell differentiation, survival, migration, proliferation and chemotaxis. Arrestins play significant role in the regulation of CXCR4/CXCL12 signaling through internalization and desensitization process of CXCR4 [@bib0007], [@bib0012], [@bib0021].

Due to its involvement in multiple divergent pathways, CXCR4/CXCL12 cascade plays significant role in malignancies including multiple myeloma (MM) which are discussed in the following sections.

2. Role of CXCR4 in malignancies {#sec0002}
================================

CXCR4 is known as an independent prognostic biomarker of cancer. CXCR4 expression has been shown to be associated with oral squamous cell carcinoma [@bib0022], oesophageal [@bib0023], gastric [@bib0024], colon [@bib0025], liver [@bib0026], pancreas [@bib0027], thyroid [@bib0028], ovary [@bib0029], [@bib0030], prostate [@bib0031], lung [@bib0032], kidney [@bib0033], [@bib0034], breast [@bib0035], brain [@bib0036], [@bib0037], melanoma [@bib0038] and leukemia [@bib0039]. CXCR4 axis activates the major physiological processes associated with tumor growth, survival, invasion, and homing which involves epidermal growth factor receptor (EGFR), mitogen-activated protein kinase (MAPK), PI3K/AKT, Wnt/ β-catenin and NF-κB mediated pathways. CXCL12 recruit CXCR4-positive inflammatory, vascular and stromal cells to tumor microenvironment and together their signaling leads to aggressive tumor growth and stemness by the secretion of different cytokines, chemokines and growth factors [@bib0040], [@bib0041].

CXCR4/CXCL12 also has significant role in providing survival advantage and drug resistance of cancer cells through integrin signaling and adhesion to the ECM which leads to secretion of growth factors and activation of anti-apoptotic signaling pathways [@bib0042], [@bib0043]. As for angiogenesis, pro-angiogenic factors like VEGF, fibroblast growth factor (FGF), matrix metalloproteinases (MMPs), TNF-α plays a pivotal role in angiogenesis through CXCR4 signaling effects [@bib0017]. It was recently demonstrated that laminins, a family of basement membrane glycoproteins can initiate cross-talk between VEGF, integrin α2β1 and CXCR4 to promote tumor growth and angiogenesis in colorectal cancer [@bib0044]. According to a study by Zhang et al., it was revealed that in pancreatic cancer, VEGF and CXCR4 acts collaboratively to promote angiogenesis and invasion.

CXCL12/CXCR4 signaling is also involved in metastasis. It was shown that this axis can stimulate the activation of a small GTPase RhoA, which is required for remodeling of the extracellular matrix and directional cell migration [@bib0045]. As CXCL12 expression is highest in common metastatic sites, CXCR4+ normal or cancer stem cells (CSCs) are chemo attracted in a CXCL12 dependent manner through the circulation [@bib0046], [@bib0047]. CXCL12 expression on the target organ can lead to the activation of adhesion molecules and MMP secretion that assists in metastasis [@bib0048]. Another evidence for CXCR4/CXCL12 involvement in metastatic process is its linkage with CD44, a transmembrane glycoprotein which has tight interaction with the ECM [@bib0033]. Different growth factors like fibroblast growth factor, VEGF, epidermal growth factor (EGF) and hypoxic conditions in tumor microenvironment assist in the up-regulation of CXCR4 that further leads to cancer invasion [@bib0006], [@bib0049], [@bib0050], [@bib0051], [@bib0052]. CXCR4 activity in CSCs when continuously sustained by endogenous CXCL12, is associated with CSC self-renewal, metastatic potential and surviving capacity [@bib0053].

CXCR4 was found to promote tumor invasion and metastasis in aggressive cancer cells via downregulating Forkhead Box Class O protein (FoxO3), a tumor suppressor which acts through the inhibition of PI3K/AKT signaling pathway [@bib0054]. In vitro and in vivo experiments in lung cancer have shown that, CXCR4/CXCL12 mediated ERK/ AKT pathway activation is associated with the invasion and migration of the cancer cells [@bib0055]. English et al. has recently shown that CXCR4-mediated AKT signaling is associated with endocytosis where the inhibition of endocytosis leads to an attenuated AKT signaling [@bib0056].

MicroRNAs and long noncoding RNAs (lncRNA) can also target CXCR4 to regulate cancerous pathways. miRNAs were shown to be involved in inhibition of cancer metastasis by down regulating CXCR4 [@bib0057], [@bib0058]. A recent study in breast cancer has shown that a peptide derived from viral macrophage inflammatory protein called NT21MP can have anticancer effects through targeting miRNAs via CXCR4 pathway [@bib0059]. It was observed in osteosarcoma that lncRNA UCA1 is involved in cell migration and invasion, the inhibition of which can have anti-tumor effects. However, this inhibitory effects are reversed when miR-301a is overexpressed as it is involved in the activation of Wnt/ß-catenin pathways via CXCR4 expression regulation [@bib0060].

3. CXCR4 and pathogenesis of multiple myeloma {#sec0003}
=============================================

Multiple myeloma (MM) is the second most common form and accounts for 10% of all hematologic malignancies [@bib0061]. In spite of significant advances in treatment strategies, MM remains incurable [@bib0062]. It is a heterogeneous plasma cell neoplasm characterized by the clonal proliferation and accumulation of malignant plasma cells or excessive production of monoclonal myeloma proteins in the BM compartment and sometimes extra-medullary tissues resulting in osteolytic lesions and thus osteopenia, renal diseases, hypercalcemia and anemia. [Fig. 1](#fig0001){ref-type="fig"} highlights the progression of multiple myeloma [@bib0001], [@bib0021].Fig. 1**Stages of Multiple myeloma (MM) progression.** The malignant transformation of B cells occurs through a stepwise process involving multiple genetic aberrations and interaction of the B cells with the BM microenvironment. MM evolves from being asymptomatic to symptomatic through acquisition of a fundamental genetic instability followed by further genetic and epigenetic changes to develop a diverse plasma cell clone with the oncogenic potential that enhances bone resorption process throughout the disease progression stages. MM progresses from MGUS (Monoclonal gammopathy of undetermined significance) to SMM (smoldering multiple myeloma) followed by medullary and extramedullary MM to plasma cell leukemia.Fig 1

MM is thought to initiate from long lived plasma cells which develop in germinal center of lymphoid tissues. The myeloma plasma cells attain oncogenic potential, home to the BM and due to the support in microenvironment niche, survive for a long time [@bib0063], [@bib0064]. MM can progress from asymptomatic to symptomatic stages ranging from monoclonal gammopathy of unknown significance (MGUS) to smoldering multiple myeloma (SMM) to MM or plasma cell leukemia [@bib0061], [@bib0063].

The association between CXCR4 and MM has been implicated in different studies [@bib0065]. Due to its involvement in normal plasma cell development, CXCR4/CXCL12 axis also plays significant role in MM progression [@bib0021], [@bib0062]. CXCR4 has role in the expansion and colonization of MM plasma cells in the bone [@bib0001]. CXCR4/CXCL12 axis can also regulate homing, adhesion, invasion, migration and mobilization of MM cells out of the BM [@bib0066]. It was observed that Persistent chemo-resistant minimal residual disease (MRD) plasma cell clones in MM express high levels of CXCR4, integrins (CD11a/CD11c/CD29/CD49d/CD49e) and adhesion molecules (CD44/CD54) [@bib0067], while abrogation of CXCR4/CXCL12 pathway can deregulate BM colonization by hematopoietic cells [@bib0068]. Elevated CXCR4 expression in MM is induced by different factors present in the malignant cells. For instance, hypoxia [@bib0069], [@bib0070], different proinflammatory cytokines like TNF-α,TGF-β, and VEGF [@bib0071] were noted to induce CXCR4 expression in MM. It was shown that down-regulation of HIF1α decreased CXCR4 expression and reversed the migration and homing of MM cells into the BM [@bib0072]. Some biological roles of CXCR4 in MM is partly played by its interaction with a pleiotropic inflammatory cytokine called macrophage migration inhibitory factor (MIF) which subsequently leads to receptor activation and promotion of chemotaxis [@bib0073], [@bib0074], [@bib0075]. The involvement of CXCR4 in MM pathogenesis as discussed in the following sections.

3.1. CXCR4, carcinogenesis and tumour growth in MM {#sec0004}
--------------------------------------------------

CXCL12-expressing BM stromal cells (BMSCs) recruit CXCR4-expressing B cells, eosinophils and monocytes that are required for their retention in the BM [@bib0076]. It was suggested that CXCR7 itself also has a vital role in cell adhesion, angiogenesis and tumor progression in MM where it indirectly interacts with CXCR4/CXCL12 axis [@bib0006], [@bib0007], [@bib0065], [@bib0077]. CXCR7 serves in modulating the function of CXCR4 by forming heterodimeric receptor unit with CXCR4 for CXCL12 signal transduction as well as recruitment of the tumorigenic monocytes [@bib0068], [@bib0078].

In a similar way as the normal plasma cells, myeloma cells utilizing CXCR4 interact with CXCL12-expressing BMSCs and migrate across the endothelium lining the BM for homing and localization through chemotaxis [@bib0062], [@bib0079]. Myeloma-BM stroma is rich in integrins like VLA-4 (Very-late-antigen-4, α4β1 integrin, CD49d/CD29) ligands that has significant role in cell adhesion-mediated drug resistance (CAM-DR) [@bib0021], [@bib0080].

When MM cells adhere to BMSCs, CXCL12 up regulates its own secretion, which further up regulates VEGF and IL-6 secretion and thus promote enhanced homing through further expression of integrins [@bib0001], [@bib0081]. Thus, trans-endothelial migration, homing, adhesion and localization of MM cells in the BM microenvironment to form tumor niche is promoted by the up-regulation of integrins through CXCL12 [@bib0021], [@bib0082]. An increase in intracellular cAMP in association with the activation of protein kinase A (PKA) downregulates CXCL12 mediated α4ß1-dependent cell adhesion and induces apoptosis in MM [@bib0082], [@bib0083]. It was shown that MM cells express high levels of tumor promoter heparanase enzyme which promotes MM invasion and angiogenesis mediated by VLA-4 [@bib0084]. Again, MIF has a role in MM cell adhesion to the BMSCs through regulating the expression of adhesion molecules via its receptor CXCR4. MIF mediated B-cell chemotaxis is abrogated when CXCR4 is inhibited [@bib0073]. MIF-CXCR4 interaction leads to activation of adhesion molecules in MM cells whereas abrogating MIF made MM cells more chemotherapy-sensitive when co-cultured with BMSCs in vivo [@bib0075]. MIF can also bind to CD74 and MM cells were shown to express not only CXCR4 but also CD74. It was evident that MIF-deficient MM cells had aberrant tumor growth [@bib0075].

Localization and interaction of MM cells in the BM microenvironment leads to the activation of osteoclasts and suppression of osteoblasts which associates with MM progression, metastasis and drug resistance. Hyperactivated Notch signaling is an important mediator of this unbalanced osteoclast and osteoblast activity [@bib0085]. It was shown that CXCL12-CXCR4 interaction is pro-osteolytic. Disruption of CXCR4 enhances osteoclast activation and enhances tumor growth in bone [@bib0065], [@bib0086]. CXCL12 can promote migration of osteoclast precursors and up regulate several pro-osteoclastic genes [@bib0065]. Osteoclast precursors express Bruton\'s tyrosine kinase (BTK), a MM stem cell marker which is involved in the generation of osteoclasts and their migration towards CXCL12. BTK expression is associated with CXCR4 expression in primary myeloma cells [@bib0087]. BTK is also involved in myeloma cell homing to the bone [@bib0088]. BM-stromal cells secrete different factors along with CXCL12 such as IL6, insulin-like growth factor 1 (IGF1), VEGF, TNFα and osteoprotegerin which are even more upregulated as MM cells localize in the stromal cells. The interaction of MM cells with these factors is associated with osteoclastogenesis. The activity of Osteopontin (OPN), a matrix protein that plays a dual role in MM as a marker for osteoclastic activity and also angiogenesis, has been linked to CXCR4/CXCL12 [@bib0089].

The NF-κB (RANK)/RANK ligand (RANKL) signaling pathway is another crucial regulatory system of bone remodeling. RANKL is over-expressed in MM cells and the ratio of RANK/osteoprotegerin regulates the level OCL activity [@bib0065], [@bib0088], [@bib0090]. It was suggested that CXCL12 can enhance the pro-resorptive effects of RANKL [@bib0091].

Previous evidence shows that CXCR4 overexpression is associated with poor disease prognosis [@bib0065]. Abrogation of this signaling axis can down regulate BM colonization by hematopoietic cells [@bib0068]. Interestingly in a controversial study, it was demonstrated that CXCR4 expression and disease activity is inversely correlated. MM cells express CXCR4 in high levels in the peripheral blood but in low levels in the BM. CXCR4 expression is down-regulated in MM cells from the BM in response to high levels of CXCL12. High CXCL12 in the BM mediates internalization of the CXCR4 receptor from the surface to the intracellular compartment in MM cells. This subcellular location of CXCR4 in MM can activate different downstream signaling pathways, like PI3K and ERK/MAPK pathways [@bib0040], [@bib0066].

This is supported by the observation that, extramedullary homing of MM cells in the skin showed reduced CXCR4 surface expression [@bib0092].

It has been proven that even though CXCR4 is a membrane receptor, it can be internalized by CXCL12 from the membrane to the cytoplasm. High CXCR4 expression in the cytoplasm indicates poor prognosis in contrast to a better prognosis evident when CXCR4 is highly expressed in the nucleus [@bib0040]. MM plasma cells have the potential for phenotypic plasticity and have different subpopulations existing simultaneously that can affect disease initiation and progression. A proposed model by Shmuel Yaccoby showed that a subpopulation of MM stem-like cells, called quiescent MM stem cells act as tumor-initiators. Quiescent MM stem cells show elevated expression of adhesion molecules and CXCR4, which help in MM cell motility, migration and adherence to BMSCs. However, for proliferative MM stem cells, which is responsible for disease progression and emergence of evolved subclones, the expression of CXCR4 is minimal [@bib0087]. This supports the notion that CXCR4 expression is down-regulated in more advanced stage of MM. Since MRD expressed high levels of CXCR4, integrins and adhesion molecules, they supposedly belong to the tumor initiating quiescent stem cells [@bib0087].

3.2. Role of CXCR4 in progression of Myeloma and distant metastasis {#sec0005}
-------------------------------------------------------------------

Metastasis for cancer is a stepwise process where cancerous cells migrate from their initial establishment site to invade and spread to specific tissues resulting in the formation of new 'foci'. This process is well described as Stephen Paget\'s "seed and soil" hypothesis-where metastatic primary tumor cells as the "seed" interact with their preferred organ microenvironment or the "soil" and colonize there, as they egress and home to the new sites [@bib0093].

In MM, primary tumor without distant metastasis is represented as plasmocytomas. This leads to micrometastasis in MGUS through local invasion, followed by macrometastasis or distant colonization of the small number of carcinogenic MM cells [@bib0094]. Some MM features include extramedullary disease (EMD), a metastasis prone phenotype where the tumor cells home to BM niches and can also infiltrate in other organs [@bib0095]. Extramedullary spread of MM involves altered expression of different adhesion molecules by MM cells [@bib0092].

CXCR4 is known as the marker for bone metastatic signature as it is universally up regulated in cancer cells metastasizing in the bone [@bib0065]. As CXCL12 is expressed by mesenchymal stromal cells in different organs like liver, lungs and BM, CXCR4 expressing MM plasma cells are recruited to these organs and can metastasize there [@bib0040]. The preferential homing of MM cells to the BM requires rolling of the MM cells along the endothelium by binding to selectin and CXCR4/CXCL12. This binding process leads to the activation of MM cells for adhesion and transmigration at a later stage [@bib0064], [@bib0096].

Again, Notch signaling system is known to control the expression and function of CXCR4/CXCL12 axis and therefore, MM metastatic pathway. Increased Notch signaling involves the imbalance in osteoclast and osteoblast activity and is associated with continuous homing and egression of MM cells leading to tumor infiltration in different bone locations [@bib0085].

For MM, dysregulation of RANK/RANKL/OPG is associated with cancer invasion and metastasis. This signaling also is osteolytic [@bib0088], [@bib0097], [@bib0098]. The role of OPG in bone metastatic process has been known to involve CXCR4/CXCL12 axis [@bib0065], [@bib0099]. The osteolytic process in MM creates a favorable microenvironment for MM growth, which supports the fertile soil hypothesis by Paget. It also leads to osteoclast activation through the release of different growth factors-further promoting bone resorption by osteoclast activation in a positive feedback loop [@bib0065]. MM cells interact with different cellular components, extracellular matrix proteins, cytokines, chemokines, proteolytic enzymes and growth factors in the BM microenvironment which assist in osteoclastogenesis, angiogenesis and MM metastatic process. IL-6, TNFα and NF-κB are significant myeloma-growth promoting lymphokines. IL-6 and TNFα are associated with rapid growth and spread of MM cells to other bones while NF-κB mainly plays growth-inducing and anti-apoptotic roles. CXCR4/CXCL12 axis was shown to induce NF-κB activation in MM and increased secretion of VEGF and IL-6 in BMSCs to promote MM growth, survival and migration [@bib0001], [@bib0100].

Some metastatic cells can remain dormant for a long time in MM with decreased expression of proliferation marker Ki67 before emerging back from the dormant stage and producing overt metastasis. The dormancy is associated with hypoxia and cellular interaction with BMSCs [@bib0101], [@bib0102]. It was discerned that activation of osteoclasts can facilitate the reactivation of the dormant MM cells based on favorable bone microenvironment [@bib0103]. MM progression and metastasis requires continuous egression of MM cells into the circulation and continuous homing of MM cells to new BM sites, where the mobilization and extravasation is regulated by CXCR4/CXCL12 signaling [@bib0064], [@bib0068]. CXCR4/CXCL12 interaction mediated MMP synthesis degrades extracellular matrix (ECM). This facilitates detachment of MM cells from primary tumor sites, egression into the blood steam and distant organ migration [@bib0006], [@bib0048], [@bib0104]. The initial step for metastasis involves an epithelial to mesenchymal transition (EMT) phenotype of the transformed malignant cells [@bib0094]. CXCR4 is a regulator of the EMT-like transcriptional modulation that characterizes EMD phenotype. EMD development, tumor growth and further metastasis is associated with the acquisition of EMT-like signature in MM cells [@bib0095]. In mouse MM models CXCR4/CXCL12 downregulation is associated with EMD in MM, which is due to cell-adhesion disruption process [@bib0094], [@bib0105], [@bib0106], [@bib0107]. It was observed in vivo that CXCR4 overexpressing MM cells with enhanced invasive properties changed actin cytoskeleton organization and up regulates EMT related genes as Twist, Slug and Snail while down regulates E-cadherin [@bib0108]. Both EMD and EMT show the properties of decreased adhesion and enhanced egression into the circulation [@bib0069].

As previously mentioned, hypoxia is a critical regulator of cancer metastasis. The BM micro- environment is very hypoxic with around 1−2% O~2~ [@bib0064]. The hypoxic microenvironment of BM promotes de-adhesion, increased chemotaxis and homing of MM cells to new BM niches through acquisition of EMT phenotype regulated by CXCR4 [@bib0069]. Pim (Proviral Integrations of Moloney virus) kinases, which are upregulated in hematological malignancies, are known to have oncogenic potential as they mediate MM cell migration and homing. Hypoxia in BM promotes Pim activity which also correlates with CXCR4 upregulation [@bib0109].

It was evident that, in addition to CXCR4, CXCR7 might additionally work in the MM metastatic process [@bib0065]. Angiogenic monomuclear cells (AMC) have significant role in MM metastasis as they can migrate from BM involving chemotaxis, adhesion and invasion processes. Azab et al. demonstrated that CXCR7 plays an indirect role in MM progression and metastasis. It was confirmed in MM mouse model that CXCR7 is highly expressed on AMCs and enhances metastatic effects complementary to CXCR4. Both in vitro and in vivo studies confirmed that CXCR7 inhibition abrogated trafficking of AMCs and decreased MM progression [@bib0078].

It was recently shown that protein junctional adhesion molecule-A (JAM-A), a new biomarker in MM, is associated with CXCR4. High JAM-A expression is associated with poor clinical prognosis in MM patients due to its role in invasion and metastasis [@bib0110], [@bib0111]. Blocking JAM-A activity has shown to impair MM viability, migration, proliferation and spread in MM mice [@bib0110], [@bib0111]. [Fig. 2](#fig0002){ref-type="fig"} illustrates how CXCR4-CXCL12 axis can have a role in the complex signalling process in multiple myeloma.Fig. 2**Role of CXCR4-CXCL12 axis in the possible signalling events in multiple myeloma (MM).** MM cells express high levels of CXCR4 and interact with CXCL12 expressing BMSCs and localize across the endothelium lining the BM. This interaction upregulates cytokine secretion from both BMSCs and MM cells and upregulates the expression of adhesion molecules like VLA-4 and LFA-1 which are present on the surface of MM cells to VCAM-1 and ICAM-1, respectively, which are expressed on BMSCs. ***A.*** CXCR4-CXCL12 interaction leads to receptor internalization from the surface to the subcellular location that can activate different signaling cascades that can be associated with MM cell stemness, survival, proliferation, migration and metastasis. ***B.*** CXCR4 is desensitized through arrestin mediated internalization and lysosomal degradation followed by ubiquitination. MM cell adherence and localization to BMSCs upregulates the expression of ***a.*** VEGF, HGF, IL-6, TNFα all of which along with other cytokines and growth factors associate both homing and proliferation of MM cells through promoting the expression of integrin molecules; ***b.*** CXCL12 is also upregulated which leads to more VEGF and IL-6 expression to further promote enhanced CXCL12 expression by BMSCs and enhanced homing process. ***c.*** High CXCL12 and its associated cytokines and growth factors lead to overproduction of osteoclasts, where the process to inhibit osteoclastogenesis by OPG secreted from both osteoblasts and BMSCs is downregulated. Also, CXCR4-CXCL12 interaction through promoting MM cell adherence to BMSCs, enhances RANKL production which further suppress OPG production. ***d.*** Osteoblastogenesis is inhibited due to secretion of HGF from BMSCs. ***1.*** Imbalanced osteoclast and osteoblast activity leads to the continuous homing-egression of MM cells into the circulation which is regulated by CXCR4 signaling. ***2.*** Hypoxic BM microenvironment in association with CXCR4 over-expression by the MM cells lead to enhanced expression of EMT related genes (Twist, Slug, Snail) and reduced E-cadherin expression that further enhance de-adhesion and egression of MM cells into circulation through acquisition of ***3.*** EMT phenotype followed by ***3′.*** aggressive MM cell features with enhanced metastatic potential. ***4.*** MM cells secrete IL-3 that also inhibit osteoblastogenesis. ***5.*** CD138 expressed on the surface off MM cells can bind OPG to prevent its inhibitory effect on RANKL function. This higher RANKL/OPG ratio leads to osteoclast differentiation that promotes osteolysis and hypercalcemia. ***6.*** MM cell interaction with BMSCs leads to VEGF, HGF, IL-6, TNFα overexpression by MM cells which are involved in both ***6′′.*** osteoclastogenesis and ***6′.*** angiogenesis. The complex interaction of MM cells with different cytokines, cellular components, extracellular matrix proteins along with MMPs can promote both, angiogenesis and aggressive metastatic behavior. ***I.*** Expansion and colonization of aggressive MM cells to secondary metastatic sites is associated by higher CXCL12 gradient that promotes CXCR4-positive MM cell migration and ***II.*** homing from the primary tumor sites. Overall, the net result of all these complex interactions is tumor expansion and MM progression.Fig 2

4. CXCR4 and therapeutic resistance in MM {#sec0006}
=========================================

One of the biggest challenges associated with MM is acquired drug resistance and disease relapse, making MM a yet incurable disease [@bib0112]. CXCR4 is not only involved in MM cell homing, retention in BM, growth, invasion, angiogenesis and metastasis, but also is associated with resistance and relapse process. Different drugs and treatment strategies are often not effective enough due to relapsed/refractory MM (RRMM) which indicates non-responsiveness and progression on therapy.

CXCR4 signaling is protective for MM cells as it prevents spontaneous and chemotherapy-induced apoptosis for MM cells via their retention in protective BM environment. This protective effect further promotes therapeutic resistance in MRD [@bib0113]. It was investigated by Kim et al. that dexamethasone enhanced intracellular and surface CXCR4 expression in MM cell lines while decreasing CXCL12 level in BMSC [@bib0070]. Some studies have showed that certain chemotherapeutic agents and radiation can activate CXCR4/CXCL12 pathway and this can be associated with therapeutic resistance [@bib0040]. In another study, low CXCR4 expression was implicated to be the biomarker of Bortezomib resistance. This is due to the effect that Bortezomib-resistant MM cells were found to express less CXCR4, leading to escape of PCs from BM extramedullary metastasis in MM mouse model [@bib0106]. This was further confirmed in another study in MM patient sample [@bib0114].

Hypoxic environment can facilitate MM cells to acquire dormancy and RRMM phenotype via the interaction with BMSCs [@bib0115]. Also, MM cell adhesion helps in sustaining the expression of anti-apoptotic genes to promote chemo-resistance in MM, implying that CAM-DR is an important feature of RRMM. CXCR4 and CXCL12 interaction is known to directly promote MM cell survival and CAM-DR [@bib0066], [@bib0080], [@bib0095]. Growth factors like IGF and Hepatocyte growth factor (HGF) promote migration of MM cells synergizing with CXCL12 [@bib0116]. Inhibition of IGF pathway reversed CAM-DR both in vivo and in vitro [@bib0117]. Again, RANK-RANKL signaling system has been associated with MM chemo-resistance and CAM-DR through the activation of multiple signal transduction pathways [@bib0118].

The binding of the MM cells to BMSCs upregulate secretion of adhesion molecules and cytokines which further promote migration, MM cell growth and therapeutic resistance in a positive feedback pattern [@bib0080], [@bib0095], [@bib0117]. Integrin-α8 (ITGA8) is highly expressed in MM patients with early relapse and activates genes like VEGF, HIF1α, cadherin, Slug, Snail and CXCR4 which are associated to stemness and EMT. In a study by Ryu eta al in relapsed MM patients, integrin-α8 was highly expressed and induced EMT features with the upregulation of CXCR4- ultimately leading to MM migration, invasion and drug resistance [@bib0119]. According to Yaccoby et al., of the two stem cell populations in MM cells, quiescent MM stem cells are detected during remission, while proliferative MM stem cells are associated with relapse [@bib0087]. Moreover, TNF-α, VEGF and IL-6 activation is associated with CAM-DR as all of these factors are concurrently expressed by the MM cells-BMSCs adhesion stimuli [@bib0120]. Enhanced activation of Notch pathway, linked to CXCR4/CXCL12 axis also leads to an increased secretion of IL-6, IGF-1, and VEGF [@bib0120] and intrinsic and acquired pharmacological resistance in MM. It was shown that Notch blockade can improve MM cell sensitivity towards standard chemotherapeutic drugs both in vivo and in vitro [@bib0121].

Apart from EMT phenotype, epigenetic changes are also often responsible for MM progression and drug resistance. Many studies have shown an increase in hypermethylation status in different MM regulatory genes with MM progression. Abdi et al. showed low frequency of methylated CXCR4 genes in MM patients and higher rate of progression free survival [@bib0122].

4.1. CXCR4/CXCL12-targeted therapy in MM {#sec0007}
----------------------------------------

CXCR4 represents a valuable target for development of novel therapeutics due to its critical role in the crosstalk of MM pathogenesis. The CXCR4 targeting agents include CXCR4 antagonists, small synthetic or natural molecules and peptides. These agents can affect the activity of many genes and proteins via multiple pathways. However, inspite of being broad spectrum anticancer agents, different clinical trials have shown the efficacy of these agents can be linked to targeting CXCR4/CXCL12 axis. It is often speculated that CXCR4 inhibitors combined with chemotherapy exert additive antitumor effects [@bib0040].

Plerixafor was the first FDA-approved (2008) selective CXCR4 antagonist which competitively inhibits CXCL12 binding to its receptor. This antagonist inhibited MM cells' migration in vitro and their homing in vivo through interfering with PI3K/AKT and ERK pathways [@bib0066], [@bib0068], [@bib0095], [@bib0123]. It also helps with egressing and mobilizing MM cells into the peripheral blood circulation by disrupting their adhesion to the BM microenvironment. It can be used either alone or in combination with granulocyte colony-stimulating factor (G-CSF) to mobilize HSCs to the peripheral blood [@bib0006]. This effect was investigated in a phase II clinical trial which showed that Plerixafor combined with G-CSG caused enhanced peripheral blood stem cell mobilization and higher expression of genes associated with superior engraftment than G-CSF alone [@bib0124], [@bib0125], [@bib0126]. It was shown that Plerixafor can induce chemosensitization in MM cells [@bib0068], [@bib0127], [@bib0128], [@bib0129]. Several studies have shown that it can induce chemosensitivity to the proteasome inhibitor Bortezomib in MM cells [@bib0080], [@bib0129]. AMD3465, a monocyclam analog of plerixafor, also shows antitumor effect [@bib0040]. High-affinity CXCR4 antagonist BKT140 in addition to inducing MM cell apoptosis, was also shown to mobilize hematopoietic stem cells for autologous transplantation when combined with G-CSF [@bib0006], [@bib0130], [@bib0131], [@bib0132]. Panobinostat, another FDA approved CXCR4 antagonist was used in several clinical trials for RRMM either alone or in combination with other agents which demonstrated antimyeloma activity (PANORAMA trials) [@bib0133]. One such phase I/II clinical study for panobinostat in combination with melphalan, showed lack of toxicity effects and low disease progression [@bib0134]. Another phase III clinical trial has shown that in RRMM, higher overall survival and progression free survival benefit can be induced with Panobinostat, Bortezomib and Dexamethasone combination [@bib0135], [@bib0136], [@bib0137].

Of the anti-CXCR4 antibodies, Ulocuplumab was developed by Kuhne et al. and showed efficacy in inducing apoptosis in vitro and antitumor activity in xenograft models [@bib0138]. A phase I clinical trial for MDX-1338 has been conducted for the treatment of RRMM either alone or in combination with lenalidomide/dexamethasone or bortezomib/dexamethasone [@bib0021], [@bib0139]. MDX-1338 was shown to affect survival and adhesion of MM cells in a dose-dependent manner along with inhibition of MM cell proliferation in vivo in xenograft mice models [@bib0140]. Roccaro et al. tested the effect of MDX-1338 both in vivo and in vitro and identified that it can inhibit MM cell bone-to-bone dissemination by suppressing EMT phenotype [@bib0062], [@bib0108], [@bib0120]. Another humanized monoclonal IgG1 anti-CXCR4 antibody F50067 showed MM anti-tumor activity through competing for CXCL12 binding, inhibiting G-protein activation and CXCL12 induced downstream signaling pathways [@bib0141]. A phase I clinical trial for F50067 alone and in combination with lenalidomide and low dose dexamethasone (Len-Dex) in RRMM showed promising effects in egression of MM cells to the circulation, though the study was terminated due to hematological toxicity [@bib0142]. LY2624587 is another potent anti-CXCR4 antibody which showed dose dependent inhibition in tumor growth in hematological malignancies particularly in human leukemia and lymphoma [@bib0143], showing potentials for its investigation in future MM trials.

It was recently shown that CXCR4 targeted endo-radiotherapy, which represents an alternative therapeutic mode could be effective in treating MM as it showed to induce better response even in relapsed MM patients [@bib0144]. Recent studies further showed CXCR4/CXCL12 axis mediated macrophage polarization phase can be a potential new MM treatment strategy [@bib0021].

Apart from targeting CXCR4, targeting its ligand CXCL12 has been brought under focus. Olaptesed pegol (Ola-PEG) and Spiegelmer / NOX-A12 (Noxxon Pharma) can specifically bind to CXCL12. In one B-cell line, Ola-PEG inhibited CXCL12 mediated internalization of the CXCR4 receptor and inhibited chemotaxis in a dose-dependent manner [@bib0128]. Ola-PEG also blocked CXCL-12-dependent activation of its second receptor CXCR7 [@bib0123]. Ola-PEG was shown to be effective than Plerixafor in suppressing tumor growth and metastasis in a xenograft MM model [@bib0128]. It also was shown to act synergistically with Bortezomib and associate in MM cell mobilization to the circulation [@bib0123]. Also, CTCE-9908 can target CXCL12 and show clinical activity against MM [@bib0040], [@bib0145]. It was shown that thalidomide, which is used for MM treatment can downregulate both CXCR4 and CXCL12 [@bib0128], [@bib0146]. Tymoquinone and Sorafenib both could also target CXCR4/CXCL12 axis to promote anti-apoptotic effects and blocked chemotaxis of MM cells [@bib0147], [@bib0148].

Other CXCR4/CXCL12 targeting compounds include Carfilzomib, a second-generation proteasome inhibitor which interfere CXCR4/CXCL12 mediated CAM-DR by inhibiting CXCR4 phosphorylation [@bib0080]. Interestingly, though carfilzomib can target CXCR4, it was observed that CXCR7 is unaffected by it, warranting a possible independent role of CXCR7 from CXCR4 [@bib0078], [@bib0080]. EPI-X4 is a naturally occurring endogenous CXCR4 antagonist has implications in cancer metastasis [@bib0149]. Some synthetic EPI-X4 derivative showed greater potential in blocking CXCR4 signaling than AMD3100, hence its therapeutic potential to treat MM can be evaluated [@bib0150]. The other agents which can also target CXCR4/CXCL12 axis in MM include TG-0054, POL6326, BKT-140, Sorafenib and NOX-A12.

The functional effects of some important CXCR4/CXCL12 targeting compounds which were used in clinical trials against MM are summarized in [Table 1](#tbl0001){ref-type="table"}.Table 1Overview of some CXCR4/CXCL12 targeting anti-MM compounds.Table 1CompoundSecondary namesMechanism of actionSignificant clinical trial identifiersReferencesPlerixaforAMD3100/ mozobilCXCR4 antagonist; abrogates CXCL12 induced receptor internalizationNCT00322842[@bib0006], [@bib0066], [@bib0068], [@bib0095], [@bib0123], [@bib0124], [@bib0125], [@bib0126], [@bib0127], [@bib0128], [@bib0129], [@bib0151]NCT00322387UlocuplumabBMS-936564/MDX-1338Anti-CX43 antibody that affects survival and adhesion of MM cellsNCT01359657[@bib0021], [@bib0139]BurixaforTG-0054CXCR4 antagonist that can block CXCL12 binding; stem cell mobilizerNCT02104427[@bib0068], [@bib0152], [@bib0153]BalixafortidePolyphor (POL6326)Inhibits CXCR4-CXCL12 interaction; hematopoietic stem cell mobilizerNCT01105403[@bib0068], [@bib0127], [@bib0153], [@bib0154]BKT140BL8040/TN14003CXCR4 antagonist; induce MM cell apoptosisNCT01010880[@bib0006], [@bib0132]PanobinostatLBH589CXCR4 inverse antagonist; affect MM cell viability and osteoclast formationNCT00743288[@bib0133], [@bib0134], [@bib0135], [@bib0136], [@bib0137], [@bib0155]NCT00532675NCT01023308

4.2. CXCR4-targeted therapy: current challenges {#sec0008}
-----------------------------------------------

Due to its immense roles in progression of MM, CXCR4 is considered as one of the best potential targets for inhibition of disease growth, dissemination and drug resistance and optimization of current anti-MM treatment strategies. However, certain limitations and challenges of CXCR4 targeting strategies should be noted.

Successful treatment of MM by CXCR4 inhibitors is challenging as CXCR4 is ubiquitously expressed in healthy normal cells as well as in cancer cells. Interfering with CXCR4 signaling can affect hematopoiesis and organ development along with other essential physiological effects like cardiovascular functions, development and apoptosis. Thus, even though CXCR4 inhibition can have positive anti-MM effect, it can also negate immunological and physiological responses. Whether CXCR4 antagonists can affect cell cycle should be explored further. The side effects or off-tumor cytotoxicity of CXR4 inhibitor upon non-MM cells may impede the use of CXCR4 targeted therapies in translational research schemes. Therefore, a balance between its positive effects on disease outcome and negative effects on normal biological functions should be maintained. In addition, differential expression of CXCR4 in blood and BM as well as its actual correlation with MM progression and dissemination should be investigated in thoroughly before designing a treatment scheme.

Plerixafor has shown to have minimal side effects in clinical studies. However, plerixafor and many other CXCR4 modulators used in clinical trials show hematological toxicity and poor pharmacological profile. Small molecules and small peptides which target CXCR4/CXCL12 axis pose several challenges in MM treatment; this is due to the unwanted side effects of the small molecules due to ubiquitous CXCR4 expression in different sites and the later often shows poor selectivity [@bib0068], [@bib0156]. So, the current challenge to overcome in clinical translation is to find more potent, effective and safer CXCR4 modulators with synergistic activity when used with combination drugs for long term use. Combinatorial strategies rather than monotherapy can be beneficial to prevent relapse which can target both cancer stem cells as well as bulk tumor. Complexity of genetic events and tumor microenvironment associated interactions suggest that combination therapies will be required to increase cytotoxic effects, overcome drug resistance and improve patient outcome.

In terms of hematopoiesis, as CXCR4/CXCL12 signaling associates in HSC quiescence and retention within the BM, whether CXCR4/CXCL12 antagonism can perturb hematopoiesis should be studied in further details for more rational therapeutic strategies. CXCR4/CXCL12 disruption can affect HSC long-term maintenance as this axis was shown to be involved in the protection of HSCs against oxidative stress [@bib0157]. Although mobilizing HSCs or metastatic cancer cells is induced by CXCR4 targeted drugs, this process can act as a dual-faced sword-firstly as mobilized MM cells can initiate distant metastasis. In addition, healthy stem cells can also be mobilized during the mobilization process of HSCs or metastatic cancer cells by CXCR4 treatment. Considering the possible effects of these agents on healthy stem cells, this may mediate drug toxicity. Angiogenesis may also be affected since CXCR4 antagonists may recruit endothelial progenitor cells (EPCs) which secrete large quantities of angiogeneic factors leading to vascular growth [@bib0068], [@bib0156], [@bib0158].

Determination of the timing to initiate MM treatment is crucial as even best combinations of drugs can still lead to relapse due to late initiation of treatment when the macrometastasis has already started [@bib0094]. As CXCR4 has its role from initiation to invasion and distant metastasis in MM, the best timing to initiate CXCR4 antagonist-based treatment has to be further evaluated. Gene and protein profiling before initiating therapy and at relapse along with personalized combinatorial drugs can be effective. It is also essential to evaluate the relation between CXCR4 and tumor initiating cells and how differential expression of CXCR4 in MM cells correlates to MM pathogenesis. Thus, systematic studies and rational design of combined therapeutic strategies will be pivotal.

High risk MM cell lines has the potential for transition from either quiescent to proliferative MM stem cells through extrinsic and intrinsic mechanisms. MM stem cell plasticity and heterogeneity is another challenge to overcome therapeutic limitations as it makes CXCR4+ cancer cell tracking a difficult task. Defining each stem cell subpopulation with identification of their biomarkers that are predictive of response is essential to target the MM cells effectively [@bib0043], [@bib0087].

To attain effective treatment strategies for MM, it is essential to elucidate the complete picture of how CXCR4 are associated with different counterparts in the complex signaling process of BMSC and egress/homing of MM cells in mediating CAM-DR, which is followed by further drug resistance due to secretion of different cytokines and growth factors by the BM microenvironment. MM cells are protected due to the supportive role of the BM niche. Thus, a better treatment strategy might be targeting both MM cells and BM microenvironment along with a broader understanding of how CXCR4 associates with the surrounding environment. Although cell signaling targeted and tumor microenvironment targeted therapies have yielded initial promising results in preclinical or clinical studies for RRMM [@bib0068], [@bib0159], these findings need to be further confirmed and expanded by evaluating the relation between CXCR4 and cancer initiating cells.

Based on the current evidence, the sole blockage of CXCR4 does not seem sufficient for restriction of the effects mediated by CXCL12 since CXCR7 also acts as an alternative receptor for CXCL12 in cancer and stromal cells to affect MM pathogenesis. It is also speculated that CXCR7 is the functional modulator of CXCR4 [@bib0040], [@bib0160]. Thus, it can be assumed that simultaneous blocking of both CXCR4 and CXCR7 rather than selectively blocking CXCR4 could be a much more efficient anti-MM treatment strategy [@bib0080]. Anti-CXCR4 therapy usually requires its combination with other chemotherapeutics or radiotherapy due to more pronounced effects of other effectors \[Tables 1--3\] [@bib0068]. It was agreed from different pre-clinical studies that simply blocking CXCR4 would not be beneficial for established tumors and it cannot prevent metastasis [@bib0156]. Thus, not only CXCR4/CXCL12 axis, but also the role of CXCR7 has to be studied. This will help to define how inhibition of MM cells' interaction with the relevant ligand can interfere with MM progression, thus identification of new therapeutics combination.

Dormancy poses major clinical problem for MM treatment. MM Cells often harbor dormant cells as MRD that are associated with remission and relapse after their reactivation mediated by osteoclasts engagement with the endothelial niche [@bib0103]. Since CXCR4/CXCL12 axis is linked to osteoclast activation, a better understanding of the molecular mechanism of CXCR4/CXCL12 axis mediated osteoclast activation is required to target RRMM.

5. Conclusion {#sec0009}
=============

Collective evidence from an abundance of studies support the pivotal role of the biological involvement of CXCR4 in MM. CXCR4 binding with its chemokine receptor can traffic immune and cancer cells, as well as affect the properties of tumor microenvironment to promote disease progression. Thus, with its diverse functional properties and complex signaling crosstalk, CXCR4 can have major pathologic role in different stages of MM and the patients' drug resistance. The evaluation of CXCR4 expression and signaling pathway along with its ligand and other interacting partners can have significant prognostic value for MM. Therapeutic interventions targeting single receptor or its ligand is not efficient enough. A better understanding of the role of CXCR4 pathway can provide answer on how MM progresses and relapses and how drug resistant MM cell clones persist, which will further provide with the framework to design efficient therapeutic strategies to impair MM tumor dissemination in combined therapies.
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